Anterior cruciate ligament (ACL) reconstruction is one of the most common procedures performed in orthopedics. The research has focused extensively on surgical technique factors like tunnel position, graft choices, fixation methods, and rehabilitation protocols following surgery. The advantages and disadvantages of each graft option shall help in deciding the correct graft in an individual case. A thorough understanding of anatomy and biomechanics of normal ACL has improved the understanding of complexities of knee joint stabilization over the preceding decades. The chapter shall discuss in detail about the anatomy, biomechanics, and surgical techniques along with postoperative rehabilitation protocol in current perspective.
Introduction
Anterior cruciate ligament (ACL) is the primary stabilizer for pivotal activities of the knee.
In the early nineteenth century, Hay Groves and Ivor Palmer advocated repair of ACL [1] . However, the high rate of failure after repair shifted the focus to reconstruction of ACL. Macintosh advocated extra-articular reconstruction of ACL which was subsequently replaced by intra-articular approach popularized by Erikson [2, 3] . The choice of graft also shifted from patellar tendon to semitendinosus over the years [4, 5] . There has been marked improvement in surgical procedure with change from open to arthroscopic procedure. Similarly the pain management has improved significantly since then.
Anatomy
The major reason for the failure of ACL reconstruction is the improper placement of tunnel either femoral of tibial. So, it is imperative to know about the natural anatomy of the ACL insertion over the tibia and femur. It is an intra-articular but extrasynovial ligament of knee providing primary constraint to the anterior translation of the tibia and secondary stabilizer to varus and valgus stress to the knee. It comprises type I collagen peptide and viscoelastic properties similar to other ligaments in the body. It comprises two bundles, i.e., anteromedial bundle and posterolateral bundle (Figure 1) . The anteromedial bundle is tightened in 60 or more degrees of flexion, while posterolateral bundle is tight in extension. In extension both bundles are in parallel orientation along the sagittal plane, whereas in flexion of the knee, the insertion of posterolateral bundle moves anteriorly, and they appeared crossed [7, 8] .
The names of the two ACL bundles are based upon the relationship between the two at the insertion point on the tibia. Both bundles originate from the posteromedial aspect of lateral femoral condyle and insert over the tibia just anterior to the intercondylar eminence. The diameter of both bundles varies from 7 to 17 mm, while the length of anteromedial bundle is slightly longer than posterolateral bundle measuring approximately between 28 and 38 mm [9, 10] . The cross section of the ACL bundle in midsubstance cross section varies from 36 to 44 mm 2 .
The blood supply of ACL is primarily from middle geniculate artery which is a branch of popliteal artery. Inferomedial and inferolateral genicular arteries supply the ACL through anterior fat pad. ACL receives nerve fibers for proprioception through a branch of posterior tibial nerve [11] . 
Biomechanics
The tensile strength of native ACL has been estimated to be within the range of 1725 ± 269 N [12] . ACL was initially thought be subjected to isometric stresses throughout the range of motion; however, biomechanical studies demonstrated that the ACL is subjected to differential stresses in movement of the knee [13] . The anteromedial bundle experiences maximum stress in flexion, while posterolateral bundle experiences maximum stress in extension [14] . The posterolateral bundle bears the majority of the stress during knee motion. The singlebundle ACL reconstruction had stressed upon the restoration of anteromedial bundle leaving behind the posterolateral reconstruction [15] . Consequently, it was noticed that there were experiences of rotational instability and persistent pain in almost 31% cases. There has been now shift in focus from single-bundle to double-bundle ACL reconstruction improving the knee biomechanics.
Mechanism of injury
In majority of the cases, the flexed knee is subjected to rotational stress leading to ACL injury. The contraction of quadriceps leads to subluxation of the tibia anteriorly with failure of hamstrings to prevent the anterior subluxation.
In contact sports like football and hockey, the direct blow from the lateral aspect of the knee in a flexed and externally rotated position leads to tear in medial collateral ligament (MCL) and anterior cruciate ligament.
Diagnosis

History
The athlete gives a history of twisting injury to knee with popping sensation. There is associated swelling and pain. There is sensation giving away of the knee with respect to body. There are marked variations in the presenting symptoms ranging from mild pain and swelling to inability to bear weight. In the presence of associated injuries like fracture of the tibial shaft or femur, the injury to ACL is sometimes missed [16] .
Physical examination
Swelling
There is swelling of the knee associated with the ACL injury due to hemarthrosis. The swelling might take some time before manifesting itself. The knee can be aspirated in selected cases of severe knee pain. If there are fat globules in the aspirate, then the intra-articular fracture is suspected.
Joint line tenderness
Both medial and lateral knee joint line should be palpated to assess the injury to medial and lateral meniscus. There is an associated meniscal injury in up to 50% of cases. The lateral meniscal tear is more common than medial meniscus tear. McMurray's test is difficult to perform in cases of acute knee injuries due to limitation in flexion.
Lachman test
It is the definitive test to detect the ACL injury. The knee is positioned in 20-30° of flexion. One hand is placed over the thigh to hold it firmly, and another hand is positioned such that the thumb is over the tibial tubercle and fingers across the calf region. The tibia is pulled forward with the lower hand placed over the tibia, and degree of anterior tibial translation is noted. The anterior displacement of the tibia by less than 5 mm is graded as 1+, between 5 and 10 mm as 2+, and more than 10 mm as 3+. Practically the firm end point indicates no injury, while soft end point indicates ACL injury.
Pivot shift test
It is a more consistent test to detect the ACL injury. The patient lies supine with legs extended. The examiner holds the heel of the involved leg and with opposite hand holding the leg just distal to the knee applies a valgus stress and an axial load while internally rotating the tibia when moving from full extension to flexion. A positive test is indicated by tibial subluxation with femoral rotation followed by reduction of the tibia at 30-40° of flexion.
Anterior drawer test
This test is usually carried out in chronic ACL injuries. The knee is bent at 90°, and both hands are kept over the proximal tibia giving an anteriorly directed pressure to look for anterior subluxation of the tibia. Positive test is indicated by soft end point with anterior subluxation of the tibia. Before performing the test, it is mandatory to rule out posterior cruciate ligament (PCL) injury by noting the anterior step off of the tibia with respect to femoral condyle.
Active quadriceps test
The anterior subluxation of the tibia on active contraction of quadriceps is indicative of ACLdeficit knee. The active quadriceps contraction is generally avoided in recently constructed ACL to prevent excessive pressure over the graft.
KT-1000 arthrometer
It is used to measure anterior and posterior translation of the tibia with respect to the femur. It is used to quantify the amount of anteroposterior translation of the tibia in ACL injury. The patient is placed in supine position with thighs supported with bolster keeping the knee in approximately 30° of flexion. The arthrometer has two sensing pads: one is positioned over the patella, and the other is placed over the tibial tubercle. The arthrometer is secured to the leg with Velcro straps. The anteroposterior translation is measured by relative motion between sensory pads. When the examiner applies anterior force through handle, a tone is heard at 67, 89 and 133 N. The readings are recorded and evaluated. A side-to-side difference of less than 3 mm at 67 N and maximum force is considered normal. The side-to-side difference is more than 5 mm and is considered diagnostic of an ACL tear.
Range of motion
The movement of the knee is compared with the uninjured knee. The loss of extension is seen in cases with associated bucket handle tear of meniscus or torn fragments of ligament impinging anteriorly.
Assessment of collateral ligaments
The injured knee is given varus and valgus stress at 0 and 30° of flexion. The opening of medial or lateral joint space is graded from zero to three depending upon the amount of opening noticed on stress. Grade I injury is mild opening of less than 5 mm, grade II is opening between 5 and 10 mm, and grade III is opening of more than 15 mm.
Associated ligament injuries
It is important to document associated PCL and posterolateral corner injuries as the influence of the management of ACL injury.
Neurovascular assessment
It is imperative to document injures to neurovascular injuries though they are rarely associated with isolated ligament injuries.
Imaging
Radiographs
Anteroposterior and lateral radiographs of the knee are carried out to detect the bony avulsions, osteochondral fractures, and tibial plateau fractures.
Computerized tomography
It is used to detect the suspected tibial plateau fracture that may be associated with ACL injury.
Magnetic resonance imaging
In acute setting the hemarthrosis may mask the ACL and meniscal injuries and sometimes even the minor injuries to ACL present as significant strains. It may detect the associated bone bruises and other ligament injuries. Generally the MRI examination should be delayed by 2-3 weeks for correct assessment of ACL injury. However, it is important to note that a good clinical examination is more informative and useful that an MRI to assess knee ligamentous injury (Figure 2) .
Examination under anesthesia
The patient should be examined under anesthesia to reconfirm the findings of previous examinations. Sometimes due to spasm of muscles and pain, the laxity of the knee may be graded on a lower scale; hence, examination under anesthesia is important to assess the ligamentous injuries.
Diagnostic arthroscopy
Sometimes the findings of the MRI and clinical examination are equivocal, and diagnostic arthroscopy is carried out to look for pathology. In few cases the MRI findings may be falsely positive which can be ascertained on diagnostic arthroscopy [18] .
Treatment decision
The treatment of ACL should be individualized to the patient. The two options in ACL tear are: a. Activity modification: the patient can opt for sports like cycling or swimming from contact sports. If there are no giving away episodes, then he can opt for conservative treatment.
b. ACL reconstruction: in order to prevent early degenerative arthritis and return to previous activity level, the patient is advised to undergo ACL reconstruction.
Various factors should be considered before opting for operative or nonoperative treatment. Recent Advances in Arthroscopic Surgery
Age of patient
The older patients are given the option of nonoperative treatment with lifestyle modification. Young patients involved in sports activities are subjected to ACL reconstruction.
Activity level
The sportsperson shall require operative treatment in order to return back to sports activity of the same level.
Degree of instability
If side-to-side difference on KT-1000 arthrometer is more than 7 mm, then chances of successful surgical reconstruction are good. 
Timing of operative intervention
There is controversy over the timing of repair. Shelbourne had advised wait period of 3 weeks before reconstruction. He advocated that there are high chances of knee stiffness and loss of range of motion if operative procedure is carried out in acute phase [19] . However, Pinczweski reported good results with early reconstruction of ACL [20] . The general consensus is to wait till the swelling subsides, and good range of motion is achieved at the knee.
Graft selection
The various grafts available for ACL reconstruction are patellar tendon bone graft, hamstring graft, allograft, and synthetic tapes. The choice of graft depends upon the individual case, surgeon's experience, and preference.
In the 1970s, Erikson popularized the patellar tendon bone (PTB) as the graft for ACL reconstruction. It was the popular choice till the late 1990s. However, due to morbidity associated with the PTB, the focus was shifted to other grafts like hamstring graft, synthetic graft, allografts, etc. Fowler and Rosenberg popularized the use of hamstring graft. Initially there were apprehension about the strength of hamstring graft in comparison to PTB, but biomechanical testing and the use of newer fixation techniques like endobutton installed confidence in minds of surgeons opting for it. The success of the reconstruction depends upon various factors like patient selection, surgical technique including correct tunnel placement, rehabilitation, and other associated ligamentous injuries.
Patellar tendon
It is considered as the gold strand in terms of graft for ACL reconstruction. There are advantages and disadvantages associated with this use of this graft. e. Patella fracture: the cases of intraoperative patella fracture have been reported in patients when the graft was harvested with osteotome instead of saw. Sometimes the fractures are detected in late postoperative period due to overrun of saw. The stress risers that go beyond the limit of bone block should be avoided. The proximal saw cuts should preferably be boat shaped to avoid the stress riser formation.
f. Late chondromalacia of patella.
g. Patellar tendonitis: it leads to pain in some cases; however, it subsides by the end of the first year.
h. Quadriceps weakness: inadequate participation in the rehabilitation program can result in quadriceps weakness.
Indications for the use of PTB graft for ACL reconstruction
The ideal patient for this graft is young athlete who would like to continue in contact sports for a longer time. The elder individuals can also be advised to undergo ACL reconstruction but with a caution that they had to undergo aggressive physiotherapy following reconstruction procedure. The principal advantage of hamstring graft is minimal donor site morbidity.
Disadvantages
a. Weakness of internal rotation of the tibia is associated with hamstring retrieval; however, the weakness is to a minimal extent.
b. Injury to the saphenous though rare but has been reported with it.
c. Harvesting of graft can be difficult at times.
d. Sometimes during harvesting of graft, there may occur premature amputation of the hamstrings.
e. It takes longer to heal with hamstring graft, i.e., approximately 10-12 weeks.
Central quadriceps tendon
It can be harvested with minimal morbidity and used with interference screws.
Allograft
Advantages
As there is no need to harvest the graft, the surgical time is greatly reduced.
Disadvantages
a. There is risk of disease transmission.
b. It takes a much longer time than autograft to heal.
c. The incidence of failure with allograft is higher than autograft. b. The graft is strong from the time of initial implantation itself.
c. There is no risk of disease transmission.
a. There are high chances of failure with it.
b. Sometimes there is synovitis seen with the use of synthetic graft.
Surgical technique with harvesting of hamstring graft
A 3-cm-long skin incision is given 1 cm medial to the tibial tubercle. Subcutaneous fat and fascia are incised along the line of skin incision. The superior border of pes anserinus is palpated, and the overlying fascia is incised. A curved artery is used to lift up the semitendinosus along with gracilis. The distal end of the tendon is stripped off from the tibia, and the free end of the tendons is held with Kocher. Each tendon is individually freed from the bands that attach it to the gastrocnemius. It is imperative to remove all the bands as passage of tendon stripper may inadvertently cut the tendon short. The length of the tendon usually obtained is approximately 28-30 cm. While harvesting tendon, it is advisable to keep the free end of the tendon in tension and move the tendon stripper with gentle push.
The harvested tendon is taken over to the back table, and graft is freed from the muscle attached. The free ends of the tendons are whipstitched with no. 2 ethibond. Both tendons,
i.e., semitendinosus and gracilis, are quadrupled. The width and length of the tendons are measured. A stitched is applied at 3 cm from the free end of the graft as minimum desired length of the graft in the tunnels (femoral and tibial) is 3 cm.
The femoral notch area, tibial attachment, and femoral attachment of ACL are cleared of loose tissue with the help of shaver and cautery.
Next the focus is shifted to creation of tibial tunnel. Tibial zig is set at 55-60° and introduced from the anteromedial portal. The tip of the zig is positioned approximately 7 mm anterior to PCL insertion, in line with posterior border of lateral meniscus and 5 mm lateral to the medial tibial spine. Externally the tibial zig is positioned approximately 2 cm medial to the tibial tuberosity and 4 cm below the joint line. A guide wire is then introduced through tibial zig and passed across the proximal tibia till the tip of tibial zig. Sequential reaming is carried out for passage of graft.
The femoral tunnel placement is another important aspect of ACL reconstruction. The ACL foot print can be appreciated on the medial aspect of lateral femoral condyle. The femoral notch is assumed at 12 o'clock position; hence, the femoral tunnel approaching 10 o'clock position in right knee (2 o'clock in left knee) mimics the anatomic center of posterolateral bundle of native ACL (Figure 3) . The remnants of the torn ACL also help in placement of femoral tunnel. The mean distance between the centers of the two bundles was 6.2 mm. The distance from the center of the anteromedial bundle to the center of the femoral tunnel and the center of the posterolateral bundle to the center of the femoral tunnel was 4.2 and 4.1 mm, respectively. The placement of 7-mm offset reamer and creating a tunnel with the help of 10 mm reamer approximately reaches a midpoint between anteromedial bundle and anterolateral bundle.
The graft is then passed with the help of passer sutures through femoral and tibial tunnel. The various fixation methods used to fix femoral side of the graft are transfixation screws, endobutton, and tight rope. The tibial end of the graft can be fixed with the help of titanium or bioscrew or bone staples. Before fixing the graft, the knee should be flexed by approximately 20° in order to avoid fixation of a loose graft. The stability of the graft should be checked with the help of probe and anterior drawer test. The wound is closed in layers, and a knee immobilizer is applied.
Postoperative rehabilitation protocol
The compressive stockings are applied over the limb to reduce the swelling, and cold fomentation at regular intervals is advised to the patient. Continuous passive motion (CPM) machine helps in regaining range of motion in the operated limb. The patient is allowed partial weight bearing with crutches and extension splint. The physiotherapy protocol including closed chain exercises is started immediately in the postoperative period.
The goal within 2 weeks is to achieve full extension, minimize swelling, and achieve 90° of flexion. Subsequently after 2 weeks, increase the knee flexion up to 135°, and increase the tone of the quadriceps along with hamstrings. At the end of 6 weeks, full movement of the knee is achieved along with full weight bearing with extension splint. At the end of 2 months, full weight bearing is allowed along with full functional activities like cycling, jogging, etc. At the end of 3 months, the goal is to achieve adequate hamstring and quadriceps strength along with proprioception with the help of balance board exercises. Light sports activities are allowed at the end of 4 months, and return to contact sports is permitted at the end of 6 months.
Complications
Every surgical procedure inherits the risk of complications so is the case with ACL reconstruction. Various factors have been implicated which lead to complications. Some of the factors are discussed below:
a. Patient selection: there are high chances of failure in cases where the patient returns to sports activity too early without following proper rehabilitation protocols.
b. Anterior knee pain: the patellar tendon bone graft should be avoided in cases with preoperative knee pain.
c. Timing of operation: the operative procedure should be delayed by few days in cases of swelling or limited range of motion of the knee.
d. Fracture of bone plug in the case of PTB graft: with careful harvesting of the graft, this complication can be avoided. It is advisable to harvest graft with the help of saw rather than osteotome. In the case of fracture of bony plug of the PTB graft, the ends of the tendon can be reversed, and the free end can be fixed with large bioscrew.
e. Dropped graft: in case the graft falls on the floor while preparation or shifting from trolley, then the option is to harvest another graft or wash the dropped graft multiple times with chlorhexidine solution and normal saline. The graft should be prepared on a separate workstation in order to avoid falling of the graft.
f. Tibial or femoral tunnel malposition: the earlier tunnel can be plugged with bone graft and new tunnel can be created. The complication can be avoided by looking for the tunnel positions with fluoroscopy.
g. Posterior blowout of femoral tunnel: in case of posterior wall blow out, the method of femoral fixation should be changed to endobutton or cortical fixation techniques. The posterior wall blow out can be prevented with accurate positioning of the femoral zig before drilling the femoral tunnel. It is preferable to flex the knee beyond 90° to create a longer femoral tunnel and prevent posterior wall blow out.
h. Loss of fixation: in case of tibial fixation, use a screw of the same or one size larger to achieve good purchase and avoid loss of fixation. This complication can be avoided with the appropriate measuring of the tunnel width and drilling it according to the graft width.
i. Patellar fracture: it can occur intraoperatively and in late postoperative period.
j. Arthrofibrosis: in cases where the patients do not follow the postoperative rehabilitation protocol, there are high chances of knee stiffness and loss of motion. Regular physiotherapy sessions can prevent this complication.
k. Residual or recurrent instability: sometimes there could be failure of fixation or tunnel widening (femoral or tibial) leading to sense of instability. Thorough workup should be carried out to ascertain the cause of residual instability.
Outcome assessment
The functional outcome of the ACL reconstruction should be done with the help of measurement scales like international knee documentation committee form (IKDC), Oxford Knee Score (OKS), etc. [22] . However, the practice of outcome assessment is followed up in very few cases by authors. If the outcome assessment is carried out on these scales, then the interpretation of results can be done easily by others. Due to complexity of these forms, the authors generally avoid these methodologies. We should strive to from a universally acceptable and easily reproducible scoring system so that the results can be interpreted with ease.
Conclusion
Anterior cruciate ligament is now increasing being treated operatively with good functional results. The choice of graft has shifted from patellar tendon bone to hamstring graft over the years. There are several other graft choices; however, the preference depends upon the surgeon and patient. The more important issue in ACL reconstruction is the correct placement of tunnels. The modern zigs and fluoroscopy help in correct tunnel formations and hence graft placement. The assessment of the functional outcome should be done by both subjective and objective measurement scales.
